This study examined mechanisms whereby the metabolic environment interacts with basic reproductive function. Ewes lambing during the breeding season were fed to maintain (MA1NT, n = 10) or gain (GAIN, n = 11) body weight during the last 4 mo of gestation. From d 7 to 22 postpartum, ewes were infused iv with saline (n = 10) or glucose at a rate calculated to increase normal glucose entry rate by 75% (n = 11). Blood samples were collected daily to determine plasma concentrations of nutritive metabolites and insulin and at frequent intervals on d 14 and 21 to determine serum gonadotropin concentrations. Hypothalami and pituitaries were collected on d 22 to determine hormone content and receptor concentrations. Plasma concentrations of nutritive metabolites and insulin indicated that MAINT ewes mobilized more (P<.O1) body fat and protein reserves during gestation and early lactation than ewes in the GAIN group. Glucose infusion elevated plasma concentrations of glucose (P<.05) and insulin (P<.07) and reduced (P<.05) fat and protein mobilization, even though it depressed feed intake (P<.O01), compared with saline infusion. Hypothalamic gonadotropin-releasing hormone (GnRH), pituitary luteinizing hormone (LH) and follicle-stimulating hormone (FSH) content and pituitary GnRH receptor concentration were similar between treatments. Ewes fed to gain weight had greater mean serum concentrations of FSH than MAINT (27 -+ 4.3 vs 19 -+ 1.2 ng/ml, P<.IO), but LH was similar between treatments. The number of ewes ovulating by d 22 was similar between GAIN and MAINT, but more saline-than glucose-infused ewes ovulated (60 vs 18%, P<.05). Glucose infusion in adequately fed ewes did not enhance return to ovarian cyclicity, but may have caused a metabolic disturbance which suppressed reproductive function. Alteration of metabolic characteristics did not cause changes in hypothalamic and pituitary characteristics.
Introduction
Although poor nutrition during gestation and lactation depresses reproductive function in domestic species (see review by Dunn and Kaltenbach, 1980) , specific cause and effect relationships between nutritive metabolites, metabolic hormones and reproductive traits have not been 'determined. Ruminants are particularly susceptible to carbohydrate insuf-ficiency because the fetus and mammary gland take metabolic priority over other body tissues for nutrients, especially glucose (see review by Bauman and Currie, 1980) . Glucose is an essential requirement for ruminant brain (Lindsay, 1980; Pell and Bergman, 1983) , and has been implicated in the rat as an essential nutrient for gonadotropin releasing hormone (GnRH)-induced luteinizing hormone (LH) release (Sen et al., 1979) , oocyte maturation (Tsafrifri et al., 1976) and spermatogenesis (Hall and Mita, 1984) .
Body condition and flushing affects ovulation rate (Haresign, 1981) , and malnutrition during gestation may be associated with an increased interval from parturition to ovuI~tion in the ewe (Lishman et al., 1974) . Return to estrous cyclicity in fall-lambing, adequately fed ewes does not appear to be affected by suckling (Lewis and Bolt, 1983; Sharpe et al., 1986) , which suggests the involvement of other factors in regulating postpartum anestrus. The objective of this study was to determine whether increas-538 J. Anim. Sci. 1986 . 63:538--545 ing glucose availability before the normal onset of ovarian activity in postpartum ewes alters specific characteristics of the reproductive endocrine system.
Materials and Methods
Animals. Mature, were treated for 10 d with a progestogen pessary to induce ovulation in the anestrous season, and were bred to lamb during the normal breeding season (October to November). Ewes were group-fed a maintenance (1.3 kg'head -1 "d -1 ) diet of sun-cured alfalfa pellets (12% crude protein) until 105 d prepartum. Ewes fed to maintain body weight during gestation (MAINT, n = 10) continued on the maintenance diet for the remainder of gestation, while ewes fed to gain body weight (GAIN, n = 11) were fed ad libitum. Approximately 1 wk before lambing, they were moved inside; lighting schedules were kept as close as possible to natural daylength. Immediately after parturition, ewes were individually fed 2.2 kg/d of the diet in equal feedings at 0800 and 1800, Ewes nursed either one (n = 6) or two (n = 15) lambs ad libitum from parturition (d 0) until d 6, after which they were placed in stanchions (rubber-matted with enough chain on the neck collar for a ewe to lie down comfortably) for the remainder of the experiment. The lambs were allowed to nurse approximately 30 rain every 4 h from 0800 to 2400, but were kept in a separate pen within sight of the ewes at all other times.
Infusions. Based on lambing date, ewes were further allotted randomly within gestation treatment to receive 1 liter/d of either physiological saline (n = 10) or glucose (n = 11) infusion. Normal glucose entry rate (GER) for sheep was estimated to be 5.0 mg'min -l'kg weight -'75 (Annison et al., 1967 Samples were chilled immediately and centrifuged at 4 C within 30 min after collection to harvest plasma, which was stored at -20 C until assayed for glucose, amino acid nitrogen (AAN), blood urea nitrogen (BUN), glycerol and insulin. Milk samples were collected every second day from d 2 through 20 and percent fat, protein and lactose were determined by standard methods in a Provincial Control laboratory. Beginning at 1000 on d14 and 21, blood was collected every 10 min for 6 h, allowed to clot at room temperature for approximately 6 h, then centrifuged to harvest the serum, which was stored at -20 C until assayed for LH and follicle stimulating hormone (FSH). The pituitary, stalk-median eminence (SME) and hypothalamus were collected on d 22.
Cbemical Assays. Standard procedures were used to determine plasma concentrations of AAN (Frame et al., 1943) , BUN 6 , glucose 7 and glycerol s. Average intra-assay and inter-assay coefficients of variation (CV) were: AAN, 7.5 and 12.5%; BUN, 1.8 and 18.6%; glucose, 2.5 and 5.1%; glycerol, 4.6 and 14.3%.
Radioimmunoassays. Concentrations of LH
in sera and homogenized pituitaries were determined according to the procedure of Niswender et al. (1969 ) . Pu rifled LH (LE R-1716-2) 9 was used for iodination and NIAMDD-oLH-24 l~ was used as the reference standard. The intra-assay CV was 7.4%, with an inter-assay CV of 11.7%. Concentrations of FSH in sera and homogenized pituitaries were determined according to the procedure of Cheng (1978) as modified by Manns et al. (1983) . Purified FSH (N1ADDK-oFSH-I-1)I~ was used for iodination and NIAMDD-oFSH-151~ was used as the reference standard. Average intra-assay CV was 15.5%, with an inter-assay CV of 19.4%. Plasma concentrations of insulin were determined using the procedure described by Manns (1972) . Crystalline bovine insulin (24 IU/mg) was used for iodination and standards. The intra-assay CV was 6.3%. Concentrations of GnRH were determined in hypothalamic and SME extracts by the procedure of Moss et al. (1980) using a previously characterized monoclonal antibody (Silversides et al., 1985) . Native GnRH n was used for iodination and as standards, lntra-assay CV was 3.6%.
Radioreceptor Assays. Pituitary GnRH receptor concentration was determined using the standard curve technique described by Nett et al. (1981) . Scatchard analysis of standard bovine pituitary membranes indicated a single, high affinity (Ka = .949 x 10 is M)population that reached saturation at 3.425 fmol GnRH receptor/100 /~g standard membrane protein. Concentration of GnRH receptors in a pooled sample of ewe pituitaries was parallel to the standard curve, indicating similar binding affinities in the experimental samples to that of the bovine pituitary membrane standard.
Statistical Analyses. Tissue receptor concentration and hormone content were analyzed by a 2 x 2 factorial analysis of variance with treatment during gestation (MAINT or GAIN) and postpartum infusion (GLUCOSE or SA-LINE) as main effects (Steel and Torrie, 1960) . All other data were analyzed by split-plot analysis of variance (Gill and Hafs, 1971) . The pattern of LH and FSH release was also characterized for each ewe at each day tested as mean concentration/day, total number of pulses/day (frequency), mean pulse amplitude/day, and mean pulse duration/day. A pulse was defined as at least two consecutive values that were two times the intra-assay CV above basal concentrations (Waiters et al., 1982) ; amplitude was the highest value obtained per pulse averaged over the number of pulses/day; duration was the time (rain) from the start of a pulse until concentrations returned to within two times the CV above basal concentrations. Because ' Means within a column without a common superscript differ (P<.05).
Body weights were similar in the MAINT and GAIN groups during early gestation; however, GAIN ewes gained 8.1 kg more (P<.05) during the last 4 mo of gestation than MAINT ewes. Weight loss (pooled SE of 1.5 kg) from d 1 to 22 postpartum was similar in the MAINT and GAIN groups (11.7 and 13.8 kg), glucose and saline infusion (12.3 and 13.4 kg) and ovulating and nonovulating ewes (11.8 and 13.5 kg). There were no interactions between main effects.
Within 3 d from start of glucose infusion, GAIN/GLUCOSE ewes had depressed feed intake and consumed less feed for the remainder of the infusion period than any of the other groups (P<.001; figure 1). Feed intake was similar between ovulating and nonovulating ewes both before and after infusion, and neither treatment affected feed consumption when tested within ewes that ovulated. However, within ewes that did not ovulate, MAINT ewes consumed more feed than GAIN ewes (2.2 + .02 vs. 1.5 + .4 kg/d, P<.05); glucose-infused ewes consumed less compared with salineinfused ewes (1.7 -+ .4 vs 2.2 + .1 kg/d, P<.05) and GAIN/GLUCOSE consumed less than either MAINT/GLUCOSE, MAINT/SALINE or GAIN/SALINE (1.1 vs 2.1, 2.2 and 2.2 kg/d, respectively, P<.05).
Before infusion, milk production (1.7 + .1 kg/d) and percent milk fat (8.9 + .5%) were similar in the MAINT and GAIN groups. However, percent milk protein was higher (6.2 vs 5.5 -+ pooled SE of .2%, P<.005) and lactose was lower (4.8 vs 5.0 + pooled SE of .1%, P<.07) in MAINT compared with GAIN ewes. bGtucose-infused ewes differ from saline-infused ewes (P<.005).
CGlucose-infused ewes differ from saline-infused ewes (P<.05).
dGlucose-infused ewes differ from saline-infused ewes (P<.07).
epooled SE of n = 21 ewes over 15 d of infusion. ~ , Milk production and percent fat, protein and lactose were similar between ewes in the MAINT and GAIN groups during the infusion period, and there were no interactions between main effects. Percent milk fat, protein and lactose also were similar between infusion treatments, but saline-infused ewes produced more milk than glucose-infused ewes (1.71 vs 1.32 + pooled SE of .11 kg/d, P<.06). Milk production and percent milk fat, protein and lactose were similar between ewes that did and did not ovulate, and no treatment x ovarian status interactions were detected.
Reproductive Changes. Despite marked alterations in metabolic indices, treatment did not affect hypothalamic, SME or hypophyseal hormone content (tissue weight x concentration) or pituitary GnRH receptor concentrations (table 3 ). The only difference associated with ovarian activity was lower pituitary LH in ovulating compared with nonovulating ewes (.170 vs .265 -+ pooled SE of .025 /~g/mg, P< .07). Endogenous LH secretion was similar between treatment groups, but mean LH concentration, LH pulse amplitude and duration were higher (P<.05) on d 14 than 21 (table 4) . Mean concentration of FSH tended to be greater in ewes in the GAIN compared with the MAINT group on d 14 (27 + 4.3 vs 19 + 1.2 ng/ml; P<. 10), but all other FSH characteristics were similar between treatments and sampling days. Ovarian status did not affect mean LH concentration, pulse amplitude or duration on d 14 or 21, nor was there an ovarian status x day interaction. However, ovulating ewes had higher LH pulse frequency (2.1 vs 1.3 + pooled SE of .4 pulses/6 h, P<.10), higher FSH pulse frequency (1.6 vs 1.2 + pooled SE of .1 pulses/ 6 h, P<.10) and higher FSH pulse amplitude (34 vs 29 + pooled SE of 1.1 ng/ml, P<.09) than nonovulating ewes on both days tested.
The number of ewes with corpora lutea at slaughter (d 22) was similar between ewes in the MAINT and GAIN groups (30.0 and 45.5%, respectively); however, 60% of saline-infused compared with 18% of glucose-infused ewes ovulated by d 22 (P<.05). There also appeared to be a gestation • infusion treatment interaction because no MAINT/GLUCOSE ewes ovulated (P<.05) compared with those ovulating in GAIN/GLUCOSE (2/6), MAINT/SALINE (3/5) or GAIN/SALINE (3/5), which did not differ from each other.
Discussion
The objective of increasing glucose availability in the postpartum ewe and thereby changing energy balance was achieved. However, glucose infusion at 75% above normal glucose entry rate severely depressed feed intake in most animals, which may be indicative of a disturbance in metabolic balance. The hypothalamic and(or) hindbrain centers regulating hunger and satiety, at least in laboratory rodents, are sensitive to circulating glucose concentrations (see review by Ritter, 1984) . In ruminants, elevated plasma insulin concentrations depress feed intake Wangness, 1980, 1981) , but only when sufficient energy metabolites are available. Therefore, it appears likely that the increase in plasma insulin, along with a constant high level of glucose obtained with glucose infusion, activated the satiety center(s) in some of the ewes. During glucose infusion, the GAIN group had a more marked reduction in feed intake than the MAINT group, which supports other findings (Forbes, 1985) that degree of fatness also modulates feed intake.
Glucose infusion depressed ovarian activity despite similar endogenous gonadotropin release, hypothalamic and pituitary hormone content and pituitary receptor concentrations in the two infusion treatments. Other investigators have shown that pituitary responsiveness to GnRH is unrelated to the duration of postpartum anestrous in the ewe (Wright et al., 1980; Crowder et al., 1982) , and Crowder et al. (1982) suggested that the diminished response to GnRH immediately after lambing was due to a lower pool of releasable LH. We suggest from the present results that neither hypothalamic/ SME concentrations of GnRH, pituitary GnRH receptor concentrations nor pituitary gonadotropin concentrations limit return to cyclicity by 3 wk after parturition. Ovulating ewes had higher gonadotropin pulse frequency, suggesting that the mechanism(s) regulating pulsatile discharge from the pituitary is important in determining the duration of postpartum anestrus.
Although plasma glycerol was higher in MAINT than GAIN on d 1 postpartum, they were similar during the infusion period, suggesting that limit-feeding ewes during gestation did not impose a lactational metabolic stress. Glucose infusion diverted protein and lipid reserves away from use in energy metabolism, but saline-infused ewes apparently were not in the expected state of severe metabolic stress. It appears, therefore, that we increased glucose availability to ewes that already were adequate in energy balance, supporting the contention of others that increasing nutrients by feeding above "adequate" amounts has no enhancing effect on reproduction (Haresign, 1981; Rutter and Randel, 1984) . In conclusion, this study has shown clearly that: 1) hypothalamic/hypophyseal hormone content and receptor concentrations are not altered by increased glucose availability in adequately fed ewes, 2) glucose infusion can decrease lipolysis and protein degradation in postpartum lactating ewes and 3) increasing glucose availability above what is needed for lactation and maintenance does not enhance, and may suppress, early return to ovarian cyclicity.
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